The intimate relationship between stoichiometry and physicochemical properties in transition-metal oxides makes them appealing as tunable materials. These features become exacerbated when dealing with nanostructures. However, due to the complexity of nanoscale materials, establishing a distinct relationship between structure-morphology and functionalities is often complicated. In this regard, in the Fe x O/Fe 3 O 4 system a largely unexplained broad dispersion of magnetic properties has been observed.
Introduction
Transition metal oxides are extremely versatile given the wellestablished dependence of their physicochemical properties on the oxidation state. [1] [2] [3] Interestingly, this effect is dramatically enhanced at the nanoscale, since their reactivity may result in local differences in the oxidation state of the material which may lead to novel properties. 4 However, as the size is reduced down to a few nanometers, the characterization of these sophisticated systems should not solely rely on a few techniques as is usually done for bulk materials. Namely, the fine, yet critical, structural alterations which often occur at the nanoscale may be easily overlooked or misinterpreted if not properly analyzed. [5] [6] [7] [8] For instance, in tantalum oxides TaO 2−x (Ta +4 ) is conducting whereas Ta 2 O 5−x (Ta +5 ) is insulating. Notably, an in-depth electron microscopy analysis demonstrated the presence of a TaO 1−x nanoscale layer which was, in part, responsible for the observation of a new resistance-switching phenomenon. 4 A similar case is also found for nanostructured perovskite manganites, where, for example, a gradual transition from antiferromagnetism to ferromagnetism contrasts with the sharp one exhibited in bulk. 9 A widely studied transition metal system is iron oxide, Fe x O y . [10] [11] [12] [13] [14] From a magnetic point of view Fe x O is antiferromagnetic (AFM) whereas Fe 3 O 4 is ferrimagnetic (FiM), which gives rise to a rich set of magnetic properties in this system. 10, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] In particular, exchange coupling between the AFM-core and the FiM-shell, which strongly depends on the core size, shell thickness or shape, should result in an exchange bias, i.e., the shift of the hysteresis loop in the field axis after field cooling (H E ). [42] [43] [44] [45] [46] [47] 22, 27 On the other hand, an exchange bias was observed in single phase Fe 3−δ O 4 nanoparticles, after the complete oxidation of the Fe x O phase, which was ascribed to the presence of antiphase boundaries formed during the oxidation process. These antiphase boundaries were also claimed to be responsible for the observed reduced saturation magnetization (M S ) compared to bulk values, although Benitez et al. attributed an analogous M S reduction (in similar 20 nm particles) to the occurrence of small amounts of Fe x O. 25, 32 Further, some groups report obvious features of the Fe x O AFM transition at its Néel temperature, T N (e.g., a sharp downturn of magnetization around T N ) while others find the temperature dependence of magnetization, M(T ), featureless around T N . 22, 27, 32, 34, 36, 37 Similarly, although in some cases the nanoparticles have been shown to exhibit a clear Verwey transition, T V (typical of bulk Fe 3 O 4 ), 28, 36 similar particles show no characteristics of this transition. 22, 25, 27 To address the origin of these diverse magnetic behaviours, in this work we present an in-depth systematic study of two different Fe x O/Fe 3 O 4 core/shell systems, with significantly different overall sizes of 9 and 45 nm. These particle sizes are among the smallest and largest sizes of core-shell Fe x O/Fe 3 O 4 nanoparticles, respectively, with a well-defined size and shape reported in the literature. Diverse techniques have been employed to accurately characterize both compositionally and magnetically the core/shell structure. The results show that the spread of magnetic responses in the Fe x O/Fe 3 O 4 core/shell systems stems from a combination of factors such as size effects, the composition x of the Fe x O core or the strains in both the core and the shell. Fig. 1a, b show the transmission electron microscopy (TEM) images of small spherical, CS_9, and large cubic-shaped, CS_45, nanoparticles, respectively. The corresponding volumeweight particle size histograms, depicted in the insets, follow a Gaussian distribution with mean sizes of 9.4(4) nm and 45 (6) nm for the CS_9 and CS_45 nanoparticles, respectively. The HRTEM images (insets of Fig. 1a, b) clearly show the crystallinity of the particles, although the presence of a core/shell morphology cannot be completely identified. To elucidate the composition of the nanoparticles, local electron energy loss spectra (EELS) analysis across the whole particle was performed. The Fe/O ratio confirms a core/shell structure (diameter/thickness) of Fe x O(3 nm)/Fe 3 O 4 (3.5 nm) for CS_9 and Fe x O(20 nm)/Fe 3 O 4 (8 nm) for CS_45 (Fig. 1c, d) . Further, the iron oxidation state (Fe ox.st ) was obtained both for the shell (orange colour in the graphs) and the core (represented in green) by a quantitative analysis of the EELS data (Fig. 1e, f ) . Note that to obtain the oxidation state of the core the Fe 3 O 4 -shell contribution was subtracted. As can be seen in Fig. 1e 8
Results

Structural and morphological characterization
The profile refinement of the X-ray patterns indicates two dominant phases in the samples: magnetite (Fe 3 O 4 ), with a spinel structure, and wüstite (Fe x O), with a NaCl structure (Fig. 2) . The analysis has also revealed that the CS_45 sample contains some impurities: a small fraction of 7 nm Fe 3 O 4 particles and some α-Fe particles ( Fig. 2b and ESI Table S1 †) . To analyze the morphology of the core/shell particles, while the core size is obtained from the crystallite size obtained from the Fe x O peak broadening, the shell size is the calculated effective thickness of a uniform layer covering the core from the refined scale factors, which are proportional to the scattering volumes. This analysis leads to a Fe x O-core/Fe 3 O 4 -shell structure with dimensions of 10.1(5)/2.0(2) nm and 21 (1) O cell may be compressed with respect to bulk samples with the same x. Unfortunately, given the overlap of the XRD peaks of the two phases the use of the Williams-Hall plot analysis is rather unreliable to obtain information about the strains in the system. Hence, to assess the internal strains in the nanoparticles geometric phase analysis (GPA) was used for the CS_45 particles. Notably, GPA allows for the determination and quantification of crystal lattice deformations from high-resolution TEM images. 25 The strains existing in two different sublattices, i.e., the (220) lattice plane associated with the cations in the tetrahedral positions (spinel phase only) and the (400 Spinel and 200 wüstite ) lattice plane associated with both the spinel and wüstite phases were studied through the phase imaging of these reflections upon applying GPA (see the Methods section and ESI Fig. S1 †) . The deformation maps along g 200(wüstite) / g 400(spinel) and g 220(spinel) (Fig. 3a,c) clearly indicate a core with compressive, positive strains and a shell with tensile, negative and HRTEM images of a single particle (top). The number of particles used to obtain the particle size distribution is about 150. Elemental quantification along the particle diameter for Fe (filled circles) and O (empty circles) of (c) CS_9 and (d) CS_45 particles. The solid lines represent the simulated elemental profile for a particle with a Fe x O-3 nm/Fe 3 O 4 -3.5 nm and a Fe x O-20 nm/Fe 3 O 4 -8 nm core/shell structure for CS_9 and CS_45 particles, respectively. Fe oxidation state along the particle diameter of (e) CS_9 and (f ) CS_45 particles. Shown in the inset of (f ), is an EELSmapping of CS_45 nanoparticles (where green corresponds to the O K signal corresponding to Fe x O and orange to the O K signal of Fe 3 O 4 after background subtraction using a power law fit).
strains. This becomes particularly evident in Fig. 3c ; the central part of the particle (i.e., the core) is predominantly redyellow (compressive strains), whereas the boundary of the particle (i.e., the shell) is mainly green-blue (i.e., expansive strains). The quantification of the strains originating from these defects is shown in Fig. 3b,d . The strain analysis along g 200(wüstite) /g 400(spinel) (Fig. 3b ) unambiguously shows highly strained regions due to mismatch dislocations, which are likely located at the core-shell interface. The stressed interface arises from mismatched dislocations owing to the lattice differences between the wüstite (core) and spinel (shell) phases, as previously demonstrated in this type of system. 25 An analogous study of CS_9 nanoparticles reveals a similar strained structure (see ESI Fig. S2 †) . However, these particles are exceedingly small to carry out a reliable quantitative GPA analysis.
Neutron diffraction
The magnetic structure of both the Fe x O-core and the Fe 3 O 4 -shell for the two core/shell samples was determined by neutron diffraction (ESI Fig. S3 †) . The refined average magnetic moments in the shell for CS_9 and CS_45 are 3.8 (6) indicates a lack of magnetic order in the Fe x O-core. On the other hand, the scenario for the CS_45 particles is completely different, since not only they present the usual (3/2, 1/2, 1/2) magnetic reflection, but they also exhibit the forbidden (1/2, 1/2, 1/2) reflection. 49 This implies that although the Fe x O core is magnetic, the moments in the Fe x O-core deviate from the [111] direction observed in bulk. 49 Remarkably, the refinement of the magnetic reflections unambiguously demonstrates that the core is AFM with the magnetic moments aligned along the [110] axis (Fig. 4a ).
Magnetic measurements
The zero field cooled-field cooled (ZFC-FC) magnetization curves for the CS_9 sample ( Fig. 5a ) exhibit the characteristics of superparamagnetic systems 50 with a maximum in the ZFC magnetization, T max = 90 K associated with the FiM Fe 3 O 4 -shell. This maximum is related to the blocking temperature (T B ) distribution due to the particle-size (or energy barrier) distribution. Notably, the ZFC-FC curves for the CS_45 particles ( Fig. 5b ) are markedly different. First, they do not merge at high temperatures, implying that the shell remains blocked (i.e., FiM) at room temperature. Moreover, the kink at 120 K is attributed to the Verwey transition 51 of the Fe 3 O 4 -shell, i.e., T V ∼ 120 K. The second feature at 240 K is attributed to the magnetic ordering of the Fe x O core, i.e., T N = 240 K (somewhat larger than the bulk T N of Fe x O, T N ∼ 200 K 13, 52 ). Importantly, the enhancement of T N with respect to the bulk values is supported by the temperature dependence of the intensity of the (1/2, 1/2, 1/2) magnetic reflection, which shows that the magnetic order of the Fe x O core is maintained up to roughly T N ∼ 240 K (Fig. 4b ). To confirm that we are dealing with thermodynamic transitions and not blocking temperatures, we performed M(T ) measurements at different applied fields. As can be seen in the ESI Fig 42 However, bearing in mind that, according to neutron diffraction, for the CS_9 particles the Fe x O-core is not antiferromagnetically ordered, the observed H E (∼600 Oe) and H C (∼1000 Oe) should arise from other effects. For example, surface effects in metal oxide nanoparti- cles are known to result in H E and enhanced H C . 54, 55 Fig. S5 †) . The temperature dependence of H E and H C (Fig. 5e) show that both quantities decrease rather fast, vanishing below T B . Thus, there is no indication of the presence of a Verwey or Néel transitions, which is again consistent with the non-magnetic character of the Fe x O core. On the other hand, for the CS_45 particles the temperature dependence of both H E and H C exhibits a rather intricate behaviour (Fig. 5f ). When decreasing T, at about 230 K, H E starts to increase while H C exhibits a maximum. These are well known effects of the onset of AFM/ferromagnetic (FM) exchange bias. 56, 57 Hence, H C (T) and H E (T) also support the enhanced T N of the core. As the temperature is lowered further, at about T = 120 K, H C exhibits a steep increase while H E shows a subtle change of a slope. These features can be linked to the changes in the magnetocrystalline anisotropy (both in the intensity and the easy axis direction 58 ) associated with the Verwey transition. Indeed, the strong temperature dependence of H C around T V is corroborated by Monte Carlo simulations. When assuming the known strong temperature dependence of the anisotropy of Fe 3 O 4   58 for the shell anisotropy, K SH (see the inset of ESI Fig. S6 †) , and a reorientation of the easy axis from (111) to (100), the simulations clearly show that while H C has a rather steep change at T V , H E changes more smoothly (ESI Fig. S6 †) , in concordance with the experimental results (Fig. 5f ) . Finally, at very low temperatures there is an additional increase in H C and H E . This is probably related to the fraction of small Fe 3 O 4 nanoparticles observed in CS_45 by XRD and TEM.
Ferromagnetic resonance
The CS_9 nanoparticles show, at room temperature, a single isotropic resonance line centered at the resonance field H r = 8.49(4) kOe, with a peak-to-peak linewidth, ΔH pp = 1.03(4) kOe, which grows smoothly up to ∼2 kOe as the temperature decreases (Fig. 6c, (Fig. 5e) , which is also featureless. The large CS_45 nanoparticles show a very broad and asymmetric spectrum with a secondary peak located at lower fields (Fig. 6d) . At room temperature ΔH pp is 2.79 (8) 58, 59, 63, 64 This value is almost three times smaller than the value obtained for the CS_45 nanoparticles, which suggests the presence of other significant contributions besides magnetocrystalline anisotropy. In line with this, the simulated profiles (Fig. 6a, b) confirm that the effective anisotropy of the large particles is considerably enhanced with respect to the small ones (see ESI † for details on the simulation parameters).
As can be seen in Fig. 6e , in contrast to the CS_9 particles, the temperature dependence of the FMR linewidth for CS_45 particles exhibits a markedly non-monotonic behavior. Namely, ΔH pp has a peak at around T ∼ 230 K. At about T ∼ 150 K ΔH pp increases moderately again. Finally, at low T there is a rather sharp increase in ΔH pp. The peak in ΔH pp at 230 K can be correlated with the increases in anisotropy expected in AFM/FM systems at the AFM T N , 56 and is consistent with H C (T ) (Fig. 5f ) . Further, ΔH pp (T ) once again confirms the enhanced T N of the Fe x O core. Similarly, the upturn in ΔH pp of CS_45 at moderate temperatures can be correlated with the evolution of the system to a phase of lower crystalline symmetry at T V , consistent with the H C behavior. However, a more direct correlation between the line shape and the anisotropy constants is rather difficult since (i) bulk Fe 3 O 4 presents a complex temperature evolution of the magnetocrystalline contribution (i.e. due to a change in the crystal symmetry, from cubic to monoclinic, and the easy axis reorientation at T V ), 58 (ii) we are dealing with nanoparticle systems with a distribution of anisotropy constants arising from the particle size distribution, different degrees of crystallinity and magnetic disorder, and (iii) the particular morphology of the core/shell system can induce additional anisotropy terms like AFM/FiM exchange coupling, surface, shape or strain anisotropy.
Mössbauer spectroscopy
Mössbauer spectra for the CS_9 and CS_45 samples at different temperatures from 20 K to 300 K are shown in Fig. 7 and 8. The 300 K spectrum of the CS_9 (9 nm) particles ( Fig. 7a) shows only a broad peak centered at 0.44 mm s −1 , while the spectrum of the CS_45 particles (45 nm) at the same temperature (Fig. 8a) shows well resolved sextets in addition to a central peak at around 1.0 mm s −1 .
For CS_9 while the spectrum in Fig. 7a is typical of superparamagnetic Fe-oxide nanoparticles, a small fraction of paramagnetic Fe x O (less than 10%) cannot be completely ruled out (although, this value is considerably smaller than the 40% observed for CS_9 from EELS, XRD or neutrons). At 150 K (Fig. 7c) resolved Zeeman sextets start to appear. The spectra measured at 20 K and at 100 K (Fig. 7e, d) , i.e., below the Verwey temperature of bulk magnetite, were fitted using five components for Fe 3 O 4 , in agreement with other studies and indicate the presence of only Fe 3 O 4 (see ESI †), without a clear evidence of Fe x O in the sample. [65] [66] [67] For this sample, Möss-bauer spectroscopy suggests a blocking temperature T B close to 180 K, although some magnetic relaxation is still present at 100 K, as can be seen from the significant broadening of the spectral lines when compared to the spectrum at 20 K. The difference of T B between Mössbauer and magnetometry stems from the difference in the characteristic measuring times between both techniques. 68 The obtained Mössbauer parameters of the fitting for the 20 K CS_9 spectrum are shown in Table S2 in ESI. † For the CS_45 particles, the fit of the T = 300 K spectrum (Fig. 8a) allows the clear identification of Fe 3 O 4 (ferrimagnetic at room temperature) as the main component (see ESI †). Moreover, the spectrum shows a broad paramagnetic central peak, with an isomer shift of 1.04(2) mm s −1 (20% of the spectral area), which can be assigned to paramagnetic Fe x O (i.e., above T N ). Although the Mössbauer spectrum of non-stoichiometric Fe x O at room temperature typically consists of a sum of singlets and doublets, depending strongly on the defect concentration in the lattice (where different fitting methods have been applied to describe it [69] [70] [71] [72] ), due to the low resolution of the spectrum (broad velocity range, ±12 mm s −1 ) and lines superposition, the 300 K Fe x O peak was fitted to just one doublet (ESI Table S2 Table S2 †). The spectra measured at 20 K and at 100 K, i.e., below the Verwey temperature of bulk magnetite, were fitted using five components for Fe 3 O 4 . Thus, the fact that a higher number of sextets are needed to fit the low temperature spectra (with respect to high temperatures) clearly indicates a Verwey transition. As shown in Table S2 , † the obtained Mössbauer parameters are in reasonable agreement with previous studies on magnetite. 66, 67, [73] [74] [75] [76] [77] Concerning the Fe x O subspectrum, it can be seen that at low temperatures (≤150 K, Fig. 8b-d ) the high temperature paramagnetic peak opens into a resolved complex spectrum, indicating that the Fe x O core becomes magnetic. However, the complexity of the Fe x O spectrum (which in the fit is taken into account by an additional B HF distribution), hinders obtaining accurate magnetostructural details. The resulting magnetic hyperfine field distribution (ESI Table S2 
Discussion
Some of the contrasting properties observed in the two types of nanoparticles stem from different factors, including: (i) size effects, (ii) the exact stoichiometry of the Fe x O core and (iii) the strains related to the core/shell structure. It is well known that as the size is reduced a number of effects occur in magnetic nanoparticles such as superparamagnetism or reduction of the transition temperatures. 50, 78 Further, it is well established that in bulk the magnetic properties of Fe x O are strongly dependent on the exact stoichiometry of Fe x O. 79, 80 Finally, another important aspect to be taken into account is the lattice mismatch between the core and the shell counterparts, which can induce significant strains (compressive or tensile) on both the core and the shell, 25 87, 88 However, it is difficult to determine the relative importance of the effects of stoichiometry and strains (and proximity effects) on T N . An additional novel effect observed in the large particles is that the magnetic moments of the Fe ions in the Fe x O core are aligned along the [110] and not along the [111] direction as in the bulk phase. 49 This effect may again be related to both stoichiometry and strains. Theoretical calculations have shown that although the [111] direction appears to be an easy axis for Fe x O, small changes (e.g., trigonal asymmetries or deviations of the orbital moments) may change the easy axis to the (111) plane. [89] [90] [91] This implies that perturbations from the ideal Fe x O structure may affect the effective easy axis of the system. Experimentally, in bulk it has been observed that the easy axis can significantly deviate from the [111] direction. [91] [92] [93] It has been argued that this deviation is related to a different magnetic ordering around the defects caused by non-stoichiometry, 91, 93 which is in the (111) plane. 94 As the nonstoichiometry increases, the number of defect clusters grows, a higher tendency to (111) plane orientation of the moments would increase. Given that in the CS_45 samples we have x ∼ 0.95, a reorientation of the easy axis is conceivable. Moreover, it has been theoretically predicted that a compressive strain could reorient the magnetic moments from [111] to the (111) plane due to orbital moments. 89 Therefore, the internal pressure observed in the deformation maps obtained by GPA is potentially also contributing to the observed easy axis reorientation. Interestingly, for CoO epitaxial thin films (with a similar spin structure) and Co/CoO core/shell nanoparticles it has been demonstrated that the epitaxial strain can induce reorientations of the easy axis, 95, 96 O, a tensile stress is expected in the shell from the core (opposing the compressive strain on the Fe x O core). Thus, perhaps the tensile epitaxial strain favours the stability of the low temperature phase. Another factor to take into account is that the particles are rather cubic in shape and are consequently less prone to magnetic and structural surface effects which may influence T V . 54, 104 Concerning the small particles, their M(T ) shows the typical shape of a superparamagnetic transition, indicating that due to their small size and moderate anisotropy, K, the anisotropy energy, KV, is rather low leading to a superparamagnetic behaviour. 50, 78, 102 However, the most striking feature of these particles is that, while structurally the presence of Fe x O is confirmed by XRD and neutron diffraction, magnetically (magnetometry, neutron diffraction, FMR and Mössbauer) there is no clear sign of Fe x O, except for the presence of an exchange bias. The first idea would be to relate the absence of a magnetic signal of Fe x O to size effects. It is well known that the T N in AFM nanoparticles is substantially reduced for small enough particles. [105] [106] [107] [108] However, although this could explain the neutron diffraction results, a paramagnetic Fe x O would lead to an unsplitted central peak in the Mössbauer spectrum, 77 as observed for the CS_45 particles at 300 K, which is virtually absent in our data. The large non-stoichiometry of the small particles suggests another origin for the observed effects. The cation deficiency in the Fe x O structure leads to defects. Interestingly, in Fe x O these defects tend to cluster forming in some cases 69, 77 Nevertheless, in line with the large particles, another effect to take into account is pressure, particularly since the small particles probably have larger strains than the larger particles, as evidenced by their smaller lattice parameters. Although the effect of pressure on the magnetic properties of bulk Fe x O is somewhat controversial, 77, 81, 110 it has been shown that the Mössbauer spectra tend to develop high hyperfine field components as the pressure is increased, 77, 110 probably due to the fact that the defect clusters start approaching each other. This would contribute to the overlapping of the Fe x O and Fe 3 O 4 Mössbauer components, and a small fraction of Fe x O could be "hidden" in the 20 K CS_9 spectrum. Thus, similar to non-stoichiometry the strain effects should also tend to decrease the typical features of Fe x O in the Mössbauer spectra for the small particles. The combination of neutrons and Mössbauer seems to indicate that the Fe x O is not magnetic (due to size effects) and that any Mössbauer signal arising from the core is a sign of local magnetism of the defect clusters rather than a true long range magnetic order of Fe x O. 111 Notably, the presence of a sizable exchange bias can be explained without the need of an AFM counterpart. Although it is known that surface effects can give rise to an exchange bias, 54 Monte Carlo simulations indicate that the presence of a core/shell interface (even when the core is paramagnetic) can also contribute significantly to the exchange bias properties (ESI Fig. S5 †) . This exchange bias is in a sense similar to the exchange bias observed in hollow γ-Fe 2 O 3 nanoparticles, 112 although in Fe x O/Fe 3 O 4 the interphase is probably magnetically less disordered than the inner shell in hollow structures. Finally, note that in the small particles T V of the Fe 3 O 4 shell is lacking. Given the rather small size of the particles, this is probably due to the finite size effects. 78 
Conclusions
In summary, we have shown that the combination of diverse factors (i.e., non-stoichiometry, core/shell strains and size effects) can shed some light on the broad range of properties exhibited by transition metal oxides at the nanoscale. Importantly, to clarify all these effects, a detailed, multi-technique, characterization is usually required. In particular, we have performed an exhaustive magneto-structural investigation of the smallest and largest Fe x O/Fe 3 O 4 core/shell nanoparticles (9 nm and 45 nm) reported in the literature. The results reveal a highly non-stoichiometric Fe x O phase (x ∼ 0.80) for the smaller particles which leads to the non-magnetic character of the Fe x O core. On the other hand, the larger ones, with x ∼ 0.95, exhibit an antiferromagnetic behaviour. Commonly, in transition metal oxides x depends on the synthesis and postsynthesis conditions as well as on the size, since smaller particles are more reactive thus more prone to oxidation and the reduced number of atoms in the particles implies a higher difficulty to reach a long-range crystal order. Similarly, the internal pressure is determined by several factors like the overall size of the particles, the thickness of the shell, the diameter of the core and shape. Furthermore, in the case of the Fe x O phase since the lattice parameter depends significantly on x, the strain caused by the lattice mismatch will also depend on x. Hence, our results establish that although some of the overall properties of the Fe x O/Fe 3 O 4 nanoparticles can be similar (e.g., the presence of an exchange bias or reduced magnetization), the exact features (the presence of T V , enhanced T N , or non-monotonic H E and H C dependence) will depend on the exact structure (e.g., stoichiometry and internal strains) and morphology of the samples (e.g., size or shape).
Methods
Synthesis of Fe x O/Fe 3 O 4 core/shell nanoparticles
All starting materials were purchased from Sigma-Aldrich, except oleic acid (99% of purity) that was acquired from TCI, and used without further purification. In the first step, the iron(III) oleate precursor was synthesized following the procedure described by Park et al.
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The small nanoparticles (CS_9) were obtained by dissolving 2 g (1.95 mmol) of iron(III) oleate and 0.09 g (0.32 mmol) of oleic acid in 20 mL of 1-octadecene. The reaction system was degassed at 100°C under magnetic stirring by carrying out cycles of vacuum/argon. Subsequently, the mixture was heated up to 320°C (at 7-8°C min −1 ) in argon and kept for 30 min.
To synthesize the larger nanoparticles (CS_45), the previous method was slightly modified according to the procedure proposed by Wetterskog et al. 25 Namely, 10.25 g (10 mmol) of iron(III) oleate were dissolved in 34 mL of eicosane together with 1.44 g (5.12 mmol) of oleic acid and 1.56 g (5.12 mmol) of sodium oleate. After being degassed under a nitrogen atmosphere, the solution was heated at 100°C for 2 h to dissolve the sodium oleate. The temperature was then increased to 350°C using a 3°C min −1 heating rate. The mixture was maintained at this temperature for 30 min. For both systems the slurry was exposed to air after removing it from the heating source and allowed to cool down to room temperature. The nanoparticles were washed by several cycles of coagulation with ethanol, centrifugation at 2000g, disposal of supernatant solution and re-dispersion in hexane and n-heptane for CS_9 and CS_45, respectively.
Structural and morphological characterization
Transmission electron microscopy (TEM) images were obtained using a Jeol JEM-2100 with a LaB 6 filament. Highangle annular dark-field (HAADF) imaging and electron energy loss spectra (EELS) were collected using a Jeol J2010F (S)TEM operating at 200 kV and coupled to a GIF spectrometer and in an FEI Titan operated at 80 kV fitted with a CEOS Probe 
Geometric phase analysis
The geometric phase analysis (GPA) was carried out using the GPA plugin by HREM Research Inc. In this case, e.g., a 1D case (deformation mapping), only one spot corresponding to a given crystallographic interplanar spacing was chosen (see ESI Fig. S1 †) . Details of the analysis can be found in ref. 25 .
In the GPA analysis a cosine mask was used on g 200(wüstite) / g 400(spinel) and g 220(spinel) , where the size of the mask corresponded to a resolution of 0.9 nm and 1.2 nm, respectively. The width of the integration profiles shown in Fig. 3 was chosen to match the lateral resolution of the images.
Neutron diffraction
Neutron diffraction measurements were carried out at 10 K using a D20 diffractometer of the Institute Laue-Langevin with a neutron wavelength of 1.5 Å for the CS_9 particles and in the temperature range from 15 to 270 K both using the 6T2 and G61 diffractometers of the Laboratoire Léon Brillouin with a neutron wavelength of 2.34 and 4.74 Å, respectively, for the CS_45 sample. All diffraction patterns were analyzed using 
Magnetic measurements
The magnetic properties were measured on tightly packed powdered samples using a superconducting quantum interference device (SQUID, Quantum Design) magnetometer with a 70 kOe maximum field. The measurements of the temperature dependence of magnetization, M(T ), were carried out at 20 Oe after either zero field cooling (ZFC) or field cooling (FC) in 20 Oe from 300 K to 10 K. Some M(T ) measurements were also carried out at different applied fields (200 and 2000 Oe). Hysteresis loops, M(H), were obtained after FC in 20 kOe from 300 to 10 K. The loops were obtained sequentially at increasing fixed temperatures.
Ferromagnetic resonance measurements
Ferromagnetic resonance spectra were recorded with a commercial Bruker ESP300 spectrometer at a frequency of ν = 24 GHz (K-band) in the 5-300 K temperature range. 
Monte Carlo simulations
To model the large particles, CS_45, we consider cubic nanoparticles on a simple cubic (sc) lattice, consisting of an AFM core with an edge length (L C = 12) and a FiM shell (t SH = 3), surrounding the core. The spins in the particles interact with the nearest neighbour's Heisenberg exchange interaction, and at each crystal site they experience a uniaxial anisotropy. In the presence of an external magnetic field, the total energy of the system is
Here S i is the atomic spin at site i and e î is the unit vector in the direction of the easy axis at site i. We consider the magnitude of the atomic spins in the two AFM sublattices equal to 1 and in the two FiM sublattices of the shell to be equal to 1 and 1.5, respectively. The first term in eqn (1) gives the exchange interaction between the spins in the AFM core; the second term gives the exchange interaction between the spins in the FiM shell. We consider the exchange coupling constant of the core as J C = −0.5J FM and that of the shell as J SH = −1.5J FM , where J FM is considered to be the exchange coupling constant of a pure ferromagnet (FM), J FM = 1 is taken as the reference value. The third term gives the exchange interaction at the interface between the core and the shell. The interface includes the last layer of the AFM core and the first layer of the FiM shell. The exchange coupling constant of the interface J IF is taken to be equal to that of the shell J SH . The fourth term gives the anisotropy energy of the AFM core, K C = 0.05J FM . Based on our neutron diffraction results, K C is assumed to be along the [110] direction and constant in the whole temperature range studied. If the site i lies in the outer layer of the AFM core then K iC = K IF_C , and K iC = K C elsewhere. The core and the shell interface anisotropies are the same as the shell anisotropy for all temperatures. The fifth term gives the anisotropy energy of the FiM shell. To account for the strong non-monotonic temperature dependence of the K of Fe 3 O 4 around the Verwey transition, 58 we have set a different K SH value at each simulated temperature (see the inset in Fig. S6 in ESI †). If i lies in the outer layer of the shell (i.e., the surface) then the anisotropy is taken to be random and smoothly changing with T from K S = 3.0J FM (T = 0.01J FM /k B ) to 1.6J FM (T = 0.5J FM /k B ) .
Importantly, based on the literature results for Fe 3 O 4 around T V , 51, 58 two different directions are considered for the shell anisotropy, along the [100] direction for T < T V and along the [111] direction for T > T V. Note that in concordance with the literature values, T V is taken to be about 1/7 of the ferrimagnetic transition temperature of the shell (T C ∼ 1.75J FM /k B ), i.e., T V = 0.25J FM /k B . Moreover, from the parameters used in the simulation the T N of the core is established to be T N = 0.7J FM /k B .
The last term in eqn (1) is the Zeeman energy. We performed our simulations on isolated, cubic (AFM) core/(FiM) shell nanoparticles using the MC simulation technique with the implementation of the Metropolis algorithm. 117 A hysteresis loop is calculated after a field cooling procedure starting at temperature T = 2.0J FM /k B down to T f = 0.01J FM /k B , at a constant rate under a static magnetic field H cool = 6.0J FM / gμ B . To account for the experimental random distribution of nanoparticles, 7 (1) AFM core with the same parameters as for CS_45, i.e., J C = −0.5J FM , and K C = 0.05.
(2) Paramagnetic core with J C = 0.00, K C = 0.00. (3) FiM core with the same parameters as the shell (i.e., a homogeneous FiM particle).
(4) No core (i.e., a hollow nanoparticle). Notably, the internal surface of the particle is also assumed to have a random anisotropy with the same K S as the external surface. Since we are only interested in the trends, for simplicity, the anisotropy and magnetic fields are assumed to be along the z-axis, thus no angular hysteresis loop averaging is performed.
